Internal friction of alumina polycrystals with engineered grain boundaries was measured in the low frequency range of the torsional forced-vibration. The maximum shear stress amplitude was 50 MPa. Owing to the very high temperature reached during these experiments (1900 K), internal friction spectra could be detected which reveal new important features of the intrinsic rheological behavior of alumina grain boundaries. The monotonically rising internal friction background and the torsional creep behavior, both of a diffusive origin, were systematically characterized upon modifying the grain-boundary structure of alumina with the addition of selected cation dopants (e.g., Titanium and Lutetium). The combined characterizations of internal friction spectrum and torsional creep rate enabled us to precisely assess the role of different cation dopants on "locking" or promoting the diffusive grain-boundary flow, which governs polycrystal deformation.
Introduction
Despite its high-purity and directly bonded grain boundaries, polycrystalline alumina suffers intergranular diffusional transport, which limits its actual employement at temperatures of technological interest. 1) Novel polycrystalline alumina materials have been recently developed, which exploit an engineered grain-boundary structure through the incorporation of peculiar cations.
2) Such cations act as modifiers of the alumina grain-boundary structure and some of them have shown the ability of "locking" diffusional flow, significantly widening the temperature range of structural application for alumina. Besides the technological importance of such a finding, it is important to clarify the physics behind of the intergranular locking mechanism by cations, using systematic characterizations which explicitly focus on the intrinsic diffusional properties of grain boundaries.
In this paper, we describe an attempt to assess the intrinsic diffusional behavior of grain boundaries in undoped and cation-doped alumina polycrystals by means of both internal friction and creep characterizations in a torsional geometry. A rheological assessment procedure is herein proposed which enables one to quantify the effect of different cations on the grain-boundary diffusion characteristics of polycrystalline alumina.
Experimental Procedures
Alumina materials were prepared by pressureless sintering in air from a commercially available (high-purity) alumina powder (TM-DAR, Taimei Chemical, 0.1 µm). Sintering was conducted for a holding time of 2 h at a temperature of 1573 K. In comparison with the undoped material, doping with small amounts of TiO 2 or Lu 2 O 3 oxide powder * Graduate Student, Kyoto Institute of Technology.
(whose cations selectively segregate to alumina grain boundaries) was performed to systematically alter the intergranular structure. A complete description of materials preparation and microscopy characterizations has been given in a previously published paper.
2) All the materials were fine grained, the average grain size being in the range 0.55 to 1 µm (Fig. 1) .
A torsional pendulum device was used for measuring internal friction, Q −1 . This device was placed in a vacuum-tight system, in which a controlled flow of Argon was maintained throughout the experiments. Q −1 data were automatically recorded at intervals of 5 K by employing the forced vibration method.
3) Internal friction measurements were conducted at the torsional oscillation frequency of 0.5 and 3 Hz, using rectangular bars 2 mm × 3 mm × 50 mm in dimension. Temperature was increased by means of a carbon heater enveloping the alumina specimens and measured by an infrared thermoanalyzer. A complete description of the torsional pendulum device has been previously reported.
4) The forced-vibration technique enables one to directly measure the time-lag angle between an applied sinusoidal stress wave and the strain response of the oscillating specimen. A frequency-response analyzer (NF Electric Instrument, 5090 Type, Tokyo, Japan) was employed, which resulted in angle measurements with an accuracy of ±0.01 degree. This implementation of the internal friction technique makes it available torsional damping data of higher magnitude as compared with data collected by the free-decay method. This, in turn, makes it possible a precise evaluation of the damping background.
Torsional creep rates were measured as a function of temperature by applying a constant torque to alumina bars (with the same size and morphology as described for the internal friction experiments). The torque was applied by means of a constant magnetic force loaded on a stiff metallic transverse rod, while strain was detected with a high-sensitivity eddycurrent type displacement-meter after appropriate amplifica- tion. Blank tests previously performed on the creep measurement device showed that the present strain measurements involve an error lower than ±4 × 10 −4 %, under any of the creep conditions selected herein.
Results and Discussion
Internal friction data for undoped polycrystalline alumina and two alumina polycrystals doped with Lu and Ti, respectively, are plotted in Fig. 2 , as recorded at the frequency of 2 Hz. The variability of the plots upon dopant addition suggests that the atomistic processes responsible for the internal friction are complex ones, depending in a complicated way on the grain-boundary structure.
2) However, it will be shown that, in the range of temperature investigated, the internal friction behavior can be rationalized in terms of grainboundary diffusion. We notice that, above a characteristic activation temperature, T a (which may depend on f ), the damping curves can be, in first approximation, rationalized as exponential-like backgrounds. Directly bonded ceramic polycrystals show a weak grain-boundary sliding peak overlapping the exponential diffusive damping curve. The weakness of the peak is due to the rather small triple-junction sliding displacement available to grain boundaries of these materials as compared to glassy bonded ceramics.
2) The weak grainboundary sliding peak of polycrystalline alumina-based materials, which has been precisely characterized by the freevibration method in two previous reports, 5, 6) will not be further discussed in this paper. Addition of TiO 2 shifts the internal friction curve of alumina toward lower temperatures, thus enhancing diffusional relaxation, while addition of Lu 2 O 3 produces the opposite trend, making the polycrystal markedly more damping resistant. However, it is noticed that there is a characteristic temperature (about 1880 K) above which the Lu-doped material shows a higher damping as compared to undoped alumina. Background curves as a function of temperature could be fitted by the following equation:
were ω is the pulse of the damping oscillation, R the gas constant, and H d the true activation energy for high-temperature damping. Equation (1) Internal Friction Behavior of Alumina Polycrystals with Engineered Grain Boundaries 1559 ent activation energy H ap (i.e., the apparent activation energy directly derived from the plots in Fig. 2 , depending on damping frequency). The exponent n is presumably related to the distribution function for the grain-boundary structure. In this study, n was found to be a single value (i.e., independent of ω) at f ≥ 2 Hz. Schoeck et al. 7) have shown that the H ap value can never be larger than H d , thus implying n < 1, i.e., H ap = n H d . We have determined the n value (for f ≥ 2 Hz) for three alumina materials by a mathematical fitting routine; apparent activation energy H ap is determined from the slope of lnQ −1 versus 1/T plots and n value is calculated from slope of lnH ap versus ω plots; and calculated the true activation energy values H d from H ap values (Fig. 3) . The calculated n values are explicitly shown in Fig. 3 . Both cations alter the apparent activation energy for damping over that of pure alumina. Note, however, that only the addition of Lu 2 O 3 remarkably increases the true activation energy over that of the undoped polycrystal. change in the slope of the creep plot is found in the Lu 2 O 3 -doped material, which thus becomes less creep resistant than monolithic alumina at > 1850 K. The main characteristics of the creep plots are in phenomenological agreement with those of the internal friction plot in Fig. 2 . In addition, the activation energies for torsional creep, H c , as determined from the respective slopes of the Arrhenius plots in Fig. 4 , are related to the true activation energies, H d , obtained from damping experiments. It is suggested that different microscopic phenomena overlap during deformation. At the relatively low shear stress applied in the present creep experiments, the creep strain component can be considered to develop mainly as a consequence of diffusive processes occurring at grain boundaries, involving microscopic mass transport from locally compressed regions toward regions in tension. The presence of Lu cations at grain boundaries of alumina greatly reduces grainboundary diffusion in comparison with the undoped material. According to the Arrhenius plot shown in Fig. 4 , the torsional creep rate,γ , of polycrystalline aluminas can be phenomenologically expressed according to a thermally activated exponential equation:
where τ is the applied shear stress, η v is the macroscopic viscosity of the polycrystal, and H c is the activation energy for the creep process. The viscosity parameter, η v , can be related to the damping background curve as follows:
3)
where G is the shear modulus of the polycrystal. In this context, it is important to note that the maximum shear stress involved in damping and creep experiments was the same, thus making it possible to directly compare the experimental outcomes without any theoretical extrapolation. Since the relationship between activation energies in damping and creep experiments is known (cf. Fig. 3 ), it is possible to discuss the present rheological data in terms of the grain-boundary diffusion coefficient. At a given temperature, diffusive creep processes at grain boundaries can be quantitatively evaluated according to the following equation:
where d is the mean grain size of the polycrystal, Ω the molecular volume, and (δ D) is the product of grain-boundary diffusion coefficient times effective boundary width (i.e., the region near the grain boundary where diffusion is activated by temperature). By rearranging eqs. (2)-(4) and considering H = n H d = H c , an instructive equation relating the thermally activated internal friction, Q −1 , and the grain-boundary diffusion parameter, (δ D), can be obtained as follows:
Arrhenius plots of the diffusion parameter, (δ D), are shown in Fig. 5 alumina at temperatures < 1850 K.
Conclusion
Torsional damping and creep behavior have been investigated in three alumina polycrystals with undoped and cationdoped grain-boundary structures. The damping response, arising from grain-boundary relaxation, closely reflects the respective intergranular structures of the materials. The Lu 2 O 3 -doped material showed a higher activation temperature for damping as well as a higher torsional creep resistance, as compared with an undoped alumina polycrystal. On the other hand, addition of TiO 2 was detrimental for both damping and creep resistance. A quantitative estimation of grainboundary diffusion coefficient was attempted based on both damping and creep data. This assessment showed that diffusional mass transport at grain boundaries of alumina is significantly suppressed by Lu at temperatures > 1850 K.
